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THE PLASMA PINCH AS A GAS ACCELERATOér

by
Robert G. Jahn* and Woldemar von Jaskowsky*¥
Princeton University, Princeton, N. J.

Abstract /}5’56

A large radlus pinch discharge produces a series of
cylindrically symmetric, inwardly propagating current sheets and
assoclated magnetic fields in a form convenlent for detailled
study of the "j x B" interactions basic to all schemes of electro-
magnetic gas acceleration. These are examined by streak and Kerr-
cell photography, magnetic probes, spectroscopy, and terminal
measurements of current and voltage fluctuations, to determine
the detailed distribution of the currents and filields within the
discharge as functions of radius and time. An inverse—pinch dis-
charge provides a convenlent switch for the rapid application of
the high voltage pulse to the electrodes. The initiation of the
main discharge in a uniform peripheral ring 1is found to be pri-
marily an inductive effect, conditioned somewhat by the presence
of the adjacent insulator surface. Spectrograms of discharges in»
argon, nitrogen, and helium show singly and doubly lonized species
indicating that particles of energy in excess of 25 e.v. are
particpating in the breakdown. A precursor front is observed to
propagate ahead of the first current sheet, and 1s tentatively

identifled as a gasdynamic shock.
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I. INTRODUCTION

The purpose of the research described hereln is a sys-
tematic experimental and theoretical study of the initiation,
development, and dynamic progress of the current sheets and assoc-
lated magnetic fronts in a large radius pinch discharge, from the
viewpolnt of the efficient acceleration of an ambient body of gas
for propulsion applications. The central apparatus is an aluminum
discharge chamber with 8-inch diameter plane electrodes separated
by a 2-inch gap of test gas. The discharge is driven by a circular
bank of fifteen l.%/ﬂfd‘capacitors charged to 10,000 volts, ringing
down through a low inductance circuit at about 25O KC, via a
speclal gas-triggered switch described later. Figures 1 and 2
show a schematic drawing and a photograph of the circuit assembly.

\ The discharge is observed to initiate as a uniform
peripheral ring at the outer edge of the electrodes, then to ac-
celerate Inward. Subsequent discharges, occurring at the second,
third, and later voltage maxima of the capacitor ring-down pattern,
also are established at the outer edge of the electrodes, and
follow the primary luminous fronts in toward the center.

The initial breakdowns and subsequent implosions of the
luminous fronts are followed by rotating mirror streak photographs
taken along a diameter of the pinch chamber. Figure 3a displays
a typlcal streak photograph taken for a discharge inargon at 39/1
amblent pressure. In this case the luminous fronts propagate so
rapldly that each travels more than one-half the total radius
before the next begins at the outer edge.

For discharges at higher pressures, the fronts travel
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PINCH CHAMBER

[

\0BSERVATION
\ WINDOW —

A. STREAK PHOTOGRAPH OF DISCHARGE AT 30 ARGON

B. STREAK PHOTOGRAPH OF DISCHARGE IN 30
ARGON SHOWING LUMINOUS PRECURSOR.

FIGURE 3




less rapidly, hence are more closely spaced. At 1 mm., for example,
they appear to coalesce near their inceptioh, and'then propagate
inward as one composite front. Figure 4 shows typical streak
photographs obtained for argon at 10?/q, 309/2, ang 1 mm. (Theé
writing speed of the camera 1s successively slower to:féfain go¢d
propagation angles for the fronts.) The speed of fhe leading -
luminous front has been found to vary as the inverse squafe root

of the ambient gas density over a range of 29# to.lq_mm, for argon,
nltrogen, and helium.

The terminal electrical characteristics df the discharge
are monitored by a current-measuring Rogowski coil encircling the
switch column, and a voltage dilvider applied across the main
electrodes. From these 1t 1s possible to infer that the peak
current 1in the discharge 1s about 200,000 amperes, that the
resonant frequency 1is about 250 KC, and that the total voltage
developed across the chamber after breakdown is about 10% of that
across the capacitors. It has also been possible to infer the
gross characteristics of the current distributions within the
chamber, relative to the positions of the luminous fronts as
functions of time.

The details of the current density distributions are
determined by small magnetic probes positioned at various radiil
inside the discharge chamber. Use 1s also made of Kerr-cell
photography and spectroscopy for specific diagnostic purposes.

The results of these and other measurements, and the conclusilons

drawn from them to date, constitute the body of this paper.
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FIG. 4 - STREAK PHOTOGRAPHS OF DISCHARGE IN
ARGON AT A;loo/« ; B:300/I»¢ ; ©:10004



II. THE INVERSE-PINCH SWITCH

Essential initial conditions for the experiments de-
scribed below are the presence of a uniform sample of gas of
precisely known composition and pressure within the discharge
chamber, and the application to it of a definilte voltage, far in
excess of its D.C. breakdown potential. This predicates some
sort of high voltage switch to apply the capacitor potentlal <o
the electrodes at the desired instant. This switch, like all of
the external circuit components, should be relatively lossless,
and of relatively low inductance in comparison with the discharge
in the test chamber if a significant fraction bf the energy stored
in the capacitors is to be delivered to the test gas. Of the
varlety of standard techniques for such switching--ignitrons,
open gap switches, etc.--we have had considerable success with

(1)

a variation of the simple coaxial triggered gap switch.
Specifically, we invoke a gas-triggered, 1inverse-pinch dischargég)
as the switching element.

The essential elements of the switch appear schematical-
ly in the lower portion of the composite drawing (Figure 1). The
lower switch electrode leads directly to the lower electrode of
the main chamber via a 1li-inch diameter post. The upper switch
electrode 1s a plate surrounding the post, connected directly to
the negative pole of the capacitor bank, and spaced 1-21/32 inch
from the lower electrode. The full capacitor voltage 1s withstood
across the switch electrodes by evacuating the switch chamber to

less than 19# of argon, while the electrodes of the main chamber

are held at DC ground by a large ballast resistor. Admission of




a small puff of gas into the switch chamber causes it to break
down, and the full voltage then appears across the main chamber
electrodes, which in turn initiates the discharge of interest
there,

The geometrical behavior of the discharge in the switch
throughout the complete cycle of current flow from the capacltors
through the two chambers 1s critical to the performance of the
entire device, and for this reason it was studied in some detail
by Kerr-cell photography. Originally there was no constricting
chamber surrounding the switch electrodes as indicated 1n the
drawing. In this case, as shown 1n the succesSion of photographs
in Figure 5, the switch discharge initiated in a ciosed ring
around the insulated center post -- a minimum inductance con-
figuration -- but rapidly expanded out over the electrode sur-
faces, and beyond, entirely to the outer glass walls of the switch
chamber -- a rather high inductance configuration -- in a short
fime compared to the period of interest 1n the maln discharge.

The encasement of the switch electrodes within a
snugly-fitting plexiglas cylinder, as shown 1n Figure 1, served
to confine the discharge to the space between the edges of the
electrode (Figure 6) and thereby kept the switch inductance low
throughout the course of the experiment.

The axlal gap spacing between the electrodes is a com-
promise between minimizing the discharge length (and thereby
linearly the inductance), and retaining the symmetrical and diffuse
discharge structure. Discharges across shorter gaps than the

1-21/32 inch currently used at this voltage, were found empirically
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A. B Cs

FIGURE 5 - KERR CELL PHOTOGRAPHS OF THE DISCHARGE
IN THE SWITCH AT A:O.lﬁ/s; B:l.0 3
C:l.8/ﬂs AFTER INITIAL BREAKDOWN,

A. B

FIGURE 6 - KERR CELL PHOTOGRAPHS OF THE DISCHARGE IN
THE SWITCH CONTAINED BY PLEXIGLAS CYLINDER
AT A:O.l/usg B:2.3/ﬂs AFTER INITIAL BREAKDOWN
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to develop instabllities toward concentrated arcs, with thelr as-
sociated high resistance and electrode surface damage. Likewise,
operation of the switch on the high pressure branch of the Paschen
curve (&2 100 mm.), also produced heavy arc columns and was quickly
abandoned.

In its present design, the switch has handled sequences
of more than 100 shots without failure. When disassembled, 1its
electrode surfaces are quite black and covered with microscopilc
pit-marks, which apparently do not impair its operation. The plexi-
glas cylinder i1s unmarked in any way, but the outer glass sleeve
covering the entire switch unit shows dark brown stains where small
blobs of plasma have struck 1t after emerging through the diagonal

gas injectlon ports in the plexiglas.

III. CURRENT DISTRIBUTION WITHIN THE DISCHARGE CHAMBER

Even with the switch design described above, and after
substantial effort to reduce the remainder of the external circuit
inductance to a minimum, it still has not been possible to develop
more than 10% of the capacitor voltage across the discharge chamber
electrodes. 1In particular, a succession of voltage divider measure-
ments and some theoretical calculations indicate the following

typical distribution of effective inductance around the circuit.

Capacitors (15 x %/ufd. in parallel)..eeeeenee... 1.7 nh
Outside Circuit......ccivvunen et taecsetananana 16.5 nh
Switch,.... . C et eiesaes ettt ettt aana 3.9 nh
Pinch Discharge in 30Aargon...cveesesnsssnsanas 2.2 nh

Total 24 .3 nh
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For purposes of comparison, the circuilt may be discharged
with the chamber shorted by various inductance configurations. For
example, an 8-inch diameter aluminum ring, which shorts the two
electrodes at theilr periphery, adjacent to the insulator, sim-
ulates the minimum inductance configuration that the discharge
could possibly assume. Alternatively, a l-inch diameter solid
aluminum post placed at the center of the chamber shorts the
electrodes in a comparatively high inductance configuration, sim-
ulating a discharge that had become localized ét the center.
Comparison of the voltage and frequency measurements obtalned wilth
the chamber shorted with the large ring and with the post, respect
ively, with those obtalned during actual discharges in argon at
various pressures, thus provide some indication of the radial
distribution of discharge current. In particular, the frequency
and the voltage amplitude of the discharge are found to be very
close to those of the pinch chamber shorted by the 8-inch diameter
ring, and drastically different from those with the shorting center
post. The implication 1s thus that the bulk of the dilscharge
current remains near the outer wall of the chamber, throughout the
entire cycle, even though the luminous fronts propagate toward the
center.

As an 1ndependent experimental check of this effect,
5-inch diameter circular areas in the center of both the upper and

lower electrodes were insulated by thin sheets of Mylar. The
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streak pictures of the pinch discharge under this situation were
compared with streak pictures of the discharges without the insul-
ation on the central parts of the electrodes. The luminous fronts
were found in both cases to travel inward at exactly the same speed
over the entire radial contraction. The development of all other
qualitative details of the two streak pictures were ldentical.
Thus, the center portions of the electrodes seem not to transmit
any current to the dlscharge.

The conclusion seems inescapable that the luminous
fronts, whatever their detailed structure may be, do not carry
significant portions of the external circuilt current inward toward
the center of the chamber. This in turn poses a fundamental
question about the identity of such fronts. It is clear that more
detailed information on the current distributions within the
chamber as functions of time are needed, and for thls purpose
small magnetic probes (3) have been introduced at various radial
positions within the discharge. These are constructed of elght
turns of 0.25 mm, enameled wire, each of 1.9 mm.x 1.6 mm. cross-
section, enclosed in a 4.3 mm. o.d. pyrex tube, inserted radially
through the side wall of the insulator. Figure.T shows the
response ég% (t) and integrated response [#(ti]of one such
probe located at radii of 3.0 and 1.5 inches. The series of sharp
splkes on the JB records immedlately indicate that, contrary to

at

the suspicion raised by the terminal voltage measurements, discrete
current carrying fronts are propagating well into the center of
the chamber.

Reconciliation of the apparent contradiction between the
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voltage divider and magnetic probe data could be made 1f the
inner-most current sheets were no longer coupled to the external
circuilt; that is, if they carried only interior, circulating
currents, divorced from the current fluctuations in the outer
circuit. Such effects have been observed by Lovberg(u) and others,
in different discharge geometries. A detalled program of current
mapping by magnetic probes to test this hypothesis is currently

in progress. The pfeliminary results seem to support it. For
example, the current carried in any one sheet 1s found never to
reverse, The first sheet carries the bulk of the circult current
for the first half-cycle. The reversed curreht of the second
half-cycle appears mainly in the second sheet, whille the first
retains some small fraction of its original component, trapped
within itself. The onset of the third half-cycle generates a

third sheet carrying that re-reversed current, etc. The appearance
of trapped interior currents impllies the existence of corresponding

frapped fields, the combination of which must participate in the

composite acceleratlon process for the entire wave pattern.

IV, SPECTROSCOPY

Streak photographs of the discharge taken with color
film show well-defined regions of various characteristic spectral
frequencies, and encourage detalled spectroscopic study of the
corresponding regimes of the luminous gas. As the first step in
such a program, stigmatic spectrograms along the diameter of the
pinch chamber have been obtained for argon, helium, and nitrogen

at 1 mm,, 3004 , 100 , and 30 pressure. These spectrograms
/p
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are rot time-resolved and are intended only to establish a basis

“or photoelectric spectroscopy in the visible and near ultra-

violet region. However, 1t 1s possible to make some qualitative |
statements about the appearance of different degrees of ionizatlon i
of the working gas and some impurity specles at different radial
locations in the pinch discharge.

Argon I lines do not appear at all in the argon discharge
spectrograms. A II lines are strong, broad, and exhibit increasing
intensity with decreasling radius. At pressures above 309# » A ITI
appears only at the periphery of the discharge. At 109M , A ITI
lines appear at the periphery of the pinch, diminish their in-
tensity at approximately 1/2 of the total radius and then increase
in intensity agaln toward the center of the pinch. A IV has not
yet bveen ldentified.

C II lines appear as impurity in all discharges. C III
appears weakly in 1ts strongest line only at the periphery of the
pinch, coincident with A III. Al II (electrode material) appears
with increasing intensity toward the center, but is not prominent
in the spectrum. OII, NII, NIII, appear as impurlities mainly in
the center of the pinch. Nal appears increasingly toward the
center of the pinch where the D lines are observed in absorption.
Since the observation was made through a narrow Pyrex window dia-
metrically across the discharge, the sodium may have come from
this window. The hydrogen Balmer lines %4 and Ha/ appear on all
spectrograms. Thelir broadening 1is guite evident, and increases
strongly with decreasing pressure.

Continuum radiation is observed in the center of the
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discharge, strongly increasing in intensity with decreasing
pressure. The diameter of the continuum radiation 1s coincident
with the diameter of the high central lumlnosity area on the
streak records.

The above statements about the impurities and the
continuum radiation also hold for hellium and nitrogen as working
gases at the mentioned pressures. In helium, the He II lines
appear only at preséures below 109/¢He, and Increase in intensity
with decreasing pressure.

The appearance of AIIT and CIII species in the spectra
indicate particle energies in the range above_‘24 e,v. at the
periphery of the discharge. These energetic particles most
probably are free electrons, and these energies are comparable to
the voltage across the electrodes multiplied by the ratio of
electron mean free péth to the electrode gap; that 1s, the typilcal
energy an electron acquires from the electric field between col-

lisions.

V. INSULATOR EXPERIMENTS

It seemed important early in the course of the program
to determine the rcle played by the insulator surface separating
the electrodes at the periphery of the chamber, in the iniltiation
of the breakdown and the subsequent inward acceleration of the
plasma. In particuiar, the relative importance of two specific
insulator mechanisms to concommitant electrodynamic ones needed

to be resolved:
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(1) Is the observed mode of initial breakdown--in a
uniform peripheral ring--entirely attributable to inductilve
processes (skin effect), or 1s this the preferred location because
it is adjacent to the insulator surface? The rélevance of such
insulator surfaces to more conventional high voltage breakdown 1is
well known,(5) and similar mechanisms may carry over to the very
high frequency impulsive discharges involved here.

(2) 1Is the inward acceleration of the plasma sheet
driven solely by the magnetogasdynamic forces, or 1s it mainly a
consequency of a thermal expansion of the plasma away from this
fixed wall? Rudimentary calculations 1ndicate that for the
particular electrical and geometrical parameters prevalling, the
magnetic forces and pressure forces may indeed be comparable,
although precise evaluation of the latter 1s precluded by un-
certainties in the state of the gas involved in the discharge.

To illuminate these situations, several series of ex-
periments were performed with various additional insulator sur-
faces purposely established in the chamber. In one series, a
plexiglas ring, 6" 0.D. x 1/8" wall was inserted in the chamber,
coaxlal with the original insulator surface, and 1n contact with
the electrodes (see Figure 83.

A series of streak photographs was taken of discharges
in argon at pressures of lOO/ﬂ R 3OQ/& ,and 1 mm., all at 10,000
volts and 15 /ufd, to see whether the two additional insulator
surfaces would also generate discharges along themselves. To
check whether the specific insulator material or 1ts radial

positlon were critical to the experiment, a second seriles of shots
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was taken using a 5" 0.D. x +" wall glass ring in place of the
plexiglas. The behavior of the discharge in both situations was
somewhat equilvocal. 1In all cases a strong discharge was maintained
at the outermost (Mykroy) surface, of the same type seen in the
empty chamber shots. The outer surface of the insulating rings
seldom generated any slignificant dilischarges, but the inner
surface did on some occaslons, particularly at the lower pressures.
These latter, once éstablished, pinched toward the center with
nearly the same speed as the maln discharges from the outside.
The conclusion would seem to be that the insulator surface does
establish a favorable location for the discharge, but that the
inductive effects remain paramount in selecting the largest
diameter for the bulk of the current. The lack of participation
of the outer surface of the ring inserts mayresult from the un-
favorable direction of the magnetic pressure there, which tends
fo restrain the current sheet from propagating away from the
surface.

To pursue the "insulator effect" a bit further, a
hollow cylindrical plexiglas mask was inserted into the chamber,
where 1t effectively covered the outer 2 inches;of both electrode
surfaces. (See Filgure 8b). It thus offered the discharge the
alternatlives of a path directly across the chamber at a 2-inch
radius, or a three times longer path along the lnsulator surfaces,
out to a 33" radius where the inductance would be less. Without
exception, the path chosen was that directly across the chamber
from the outermost exposed surface of the electrodes. Once formed,

these discharges were also capable of pinching themselves in
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toward the center of the chamber, and showed no tendency to expand
outward into the insulator cavity. Two conclusions seem Jjustifiled:
First, neither the mechanisms of inductance minimization or the
previously demonstrated influence of an insulator surface, are
strong enough to cause the dilscharge to take the longer paths for
this particular geometry. Second, the magnetogasdynamic forces
are capable of pinching the discharge, even in the absence of a
nearby wall. The 1éck of any discernilﬂe»outward motion of the
plasma from its ring of inception may be an indication of the
relative insignificance of thermal expansion contributions to the

acceleration.

VI. THE PRECURSOR FRONT

In Figure 3a,which displays the streak photograph of a
discharge throughjﬁ»ﬂ of argon, an additional feature of interest
1s the appearance of intense lumlnosity at the center of the
chamber in advance of the arrival of the first luminous front.

The suspicion is that another signal or front, invisible on the
photograph, precedes the luminous front into the center. Only

after collapsing on itself there does this precursor manifest it-
self by exciting the gas at the center of the chamber to perceptible
brightness,

Attempts were made to locate this front by intercepting
it with a variety of obstacles, such as glass and nylon posts
placed at various radial positions in the chamber, but no un-
ambiguous indications of its reflection from such obstacles was

found.
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However, during the course of the emplrical study of the
switch characteristics described earlier, it was possible to in-
crease the peak current of the main discharge by about 15% for ohe
or two 1isoclated shots. In these, the suspected signal became
visible over its entire inward excursion. Figure 3b shows one of
the few streak photographs obtained 1n this way at 39AL of argon.,

No manifestation of this precursor front 1s found on
the magnetic probe records, indicating that, unlike the other
luminous fronts, it carrles no current. It is tempting to guess
that it may be a gasdynamic shock front, driven by the plston
action of the first current sheet accelerated by i1ts own B field.
If so, 1t propagates with a nearly constant Mach number of about
120. More important, it implies that the current-sheet plston 1is
efficiently accelerating the body of gas ahead of it. Unfortunately,
the present instrumentation is incapable of verifying this hypo-
thesis; a measure of total density behind the precursor front is

needed.

VII. SUMMARY

The exploratory experiments described above have con-
firmed that a series of discrete, cylindrical current sheets are
generated in this large diameter pinch discharge, and that these
propagate inward, one after the other, with nearly the same speeds
for a glven ambient'density. At any one time, only the outermost
sheet 1s strongly coupled to the external circuilt; the others carry

"trapped" currents, and are separated by corresponding reglons of




trapped magnetic fields. The familiar "J x B" interaction, basic
to any electromagnetic mode of gas acceleration, thus has a rather
com;lex manifestation under these circumstances, and the detalled .
mechanism by which the external circuilt energy is converted to

directed motion of the body of gas requires further study.
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